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Executive Summary
Validation and description of an observation operator developed for direct assimilation of satellite SST radiances using radiative transfer modeling is provided. The radiance assimilation operator has been integrated into the Navy Coupled Ocean Data Assimilation ocean data quality control and three dimensional variational analysis systems. The operator uses an incremental approach. It takes as input prior estimates of SST from an ocean forecast model and profiles of atmospheric state variables known to affect satellite SST radiances. Currently these variables include specific humidity and air temperature, which are routinely available from Navy numerical weather prediction systems. Observed radiances are simulated using a fast radiative transfer model. Differences between observed and simulated radiances are used to force a SST inverse model. The inverse model outputs the change in SST that takes into account the variable temperature and water vapor content of the atmosphere at the time and location of the satellite radiance measurement. These SST corrections are treated as innovations in the variational minimization, and assimilated simultaneously with other observations of ocean temperature, salinity, and velocity. Direct assimilation of satellite SST radiances is a true example of coupled data assimilation. An observation in one fluid (atmospheric radiances) creates an innovation in a different fluid (ocean surface temperature). The radiance assimilation operator is ideally suited for coupled ocean/atmosphere forecasting systems where the atmosphere and ocean states have evolved consistently over time.
Introduction
Accurate representation of the sea surface temperature (SST) is critical to both meteorology and oceanography. Operational uses of SST include numerical weather prediction (NWP) where the SST information is used to prescribe the lower temperature boundary condition over the ocean, and short-range ocean forecasting in which SST data are assimilated during initialization. Global SST has been observed routinely by satellites since the early 1980s. Satellite radiometers measure top-of-the-atmosphere brightness temperatures (TOA-BTs), or radiances, in the relevant regions of the infrared spectrum (3.4 to 4.1 µm and 10.5 to 12 µm). Retrievals of SST from these space-based measurements are typically empirically determined by regression of radiance observations matched to in situ SST (McClain et al., 1985) . More recently, however, satellite SST retrievals are increasingly based on results of radiative transfer simulations (Merchant et al., 2008) . The purpose of this report is to provide a description and validation of an observation operator for direct assimilation of satellite SST radiances using radiative transfer modeling. The The validation test report is organized as follows: section 2 gives an overview of sea surface temperature measurements and radiative transfer modeling; section 3 describes the SST radiance assimilation operator; section 4 outlines application of the operator in the Navy Coupled Ocean Data Assimilation (NCODA) analysis and quality control systems; and section 5 provides the validation test results. Operational implementation of the SST radiance assimilation capability at the Navy operational centers is described in section 6, and future development possibilities are summarized in section 7.
Transition of the SST radiance assimilation capability from development within the Naval 
SST Measurements and Radiative Transfer Modeling
Remotely sensed SST is estimated from TOA-BTs seen by broad thermal channels located in window regions of the atmospheric transmittance spectrum. These channels are nominally centered on wavelengths of 3.7 µm, 11 µm, and 12 µm. Of these the 3.7 µm channel is used for estimation of SST only at night because of the possibility of contamination by reflected solar irradiance during the day. Thus, different combinations of channels are used during day and night to estimate SST. Radiances observed by satellite-based infrared sensors can only be used as the sensor views the ocean under clear-sky conditions. In the discussion that follows it is assumed that this important cloud-screening step has been adequately achieved.
The TOA-BT in the atmospheric window portion of the infrared spectrum is largely determined by the ocean surface temperature, the total-column water-vapor (TCWV) present in the atmosphere, the broad vertical distribution of the atmospheric water vapor, and the near-surface vertical distribution of atmospheric temperature. These features of the ocean surface and atmospheric state vary on a range of scales. TCWV over the oceans is a maximum in the equatorial zone and reduces towards high latitudes. Atmospheric temperatures similarly decrease with increasing latitude. Within latitude zones, large-scale circulations affect both the total-column and vertical distribution of water vapor, and there is considerable variability associated with the presence of land masses. Air-sea temperature difference can vary on relatively short spatial scales as SST changes more rapidly than the temperature of the lower atmosphere in upwelling areas and across ocean fronts. This variability is reflected to varying degree in the observed TOA-BTs, which can be expected to have similar temporal and geographical variations. The spectroscopic parameters embody measurements of the many weak absorption features in the relevant regions of the infrared spectrum. These parameters and other sensor characterizations are contained in satellite specific coefficient data bases that are loaded when CRTM is initialized for a specific satellite and instrument package. The third element of the forward model is a set of atmospheric profiles and associated surface variables (SST) that are representative of the atmospheric state through which the sensor has observed surface emissions of infrared energy.
Radiance assimilation inversion techniques require the accompanying Jacobian for the forward model. The Jacobian is the partial derivative of the radiance with respect to the atmospheric and ocean surface parameters influencing that radiance. The Jacobian is fundamental in radiance assimilation as its magnitude and shape determine the magnitude and shape of the corrections to a first guess. The Jacobian is obtained by perturbation of the inputs to the forward model, but this approach is extremely costly to compute. Here, we take advantage of CRTM software that performs the forward modeling and returns the Jacobian tangent linear outputs for all of the prior information used to simulate the radiances in a single subroutine call.
Radiance Assimilation Observation Operator
The radiance assimilation observation operator has been incorporated into the NCODA ocean data quality control (NCODA QC), and the NCODA three-dimensional variational analysis (NCODA 3DVAR) systems. The operator uses an incremental approach. It takes as input prior estimates of SST along with profiles of atmospheric state variables known to affect satellite SST radiances. Currently, the variables considered in the operator include specific humidity, air temperature, and SST. All of these variables are routinely available from Navy NWP and ocean forecasting systems. The operator is forced by differences between observed and predicted TOA-BTs for the different satellite SST instrument channel wavelengths. Output of the operator is the change in SST that takes into account the variable temperature and water vapor content of the atmosphere at the time and location of the satellite radiance measurement. When cycling in the NCODA 3DVAR sequential incremental update cycle these SST corrections are treated as innovations and assimilated with other observations of ocean temperature, salinity, and velocity in the minimization. hand side of the figure shows input of the satellite radiance observations. Prior to use in the operator the satellite radiance data must be calibrated, geo-located, quality controlled, and cloud cleared. This processing is performed by NAVOCEANO. NAVOCEANO also does averaging of several fields of view in a 2x2 target where all pixels in the target must be cloud free. The field of view averaging smooth out pixel-level differences and has been shown to return a more accurate SST (May and Osterman, 1998) . As a result of the extensive quality control and field of view averaging, the NAVOCEANO radiance data are of high quality and generally do not require further quality control. However, as will be shown, the atmospheric correction computed as part of the SST inverse model provides additional information that can be used to screen the data and reject what otherwise are undetected outliers. In addition to the satellite radiance data, the radiance assimilation operator needs the satellite geometry information. This includes the sensor zenith, solar zenith, and solar azimuth angles. Currently, satellite radiance observations available from NAVOCEANO include: GOES-13, GOES-15, NOAA-18, NOAA-19, METOP-A, METOP-B, and NPP-VIIRS. The operator is also set up to process SST radiance data from COMS-1, the Korean geostationary satellite, but NAVOCEANO funding for receiving and processing COMS-1 data was cut. These data will automatically be processed by the operator once funding is restored and the flow of COMS-1 data resumes. It should also be noted that NAVOCEANO does not process all sources of satellite SST radiances. Radiance measurements from the geostationary MSG and MTSAT-2 satellites are not available at this point in time.
These satellites are defined in the CRTM coefficient data base and can be added to the radiance assimilation operator once clear-sky TOA-BTs are available.
The upper right hand side of Figure 1 shows input of the prior estimates of the SST and atmospheric state variables. The Navy Global Environmental Model (NAVGEM) is used to provide three-dimensional fields of specific humidity and air temperature. NAVGEM is executed on a T359 Gaussian grid (~33 km resolution) with 50 sigma levels. The model fields are available at 3-hourly forecast periods on a 0.5 degree spherical application grid (~55 km) with 26 pressure levels. NAVGEM fields are not interpolated to the locations of the satellite SST radiance observations. Rather, collocations are done on the basis of nearest neighbor. In that regard, the atmospheric state is known within a time range of not more than 90 minutes and a spatial radius of less than 27 km for the observed TOA-BTs. The prior SST is obtained from the Navy's Global Ocean Forecast System (GOFS), which is based on the HYbrid Coordinate Ocean Model (HYCOM). HYCOM is executed on a global 1/12 degree resolution grid and is forced by NAVGEM. The prior SST for the radiance assimilation operator is interpolated from hourly HYCOM forecast fields to the TOA-BT observation location using the first guess at appropriate time (FGAT) method.
The CRTM forward model generates simulated radiances at the observation locations given the satellite channel wavelength and ocean and atmosphere prior information. Differences between radiances observed by the satellite and those obtained from the forward model simulations are formed. These differences are used to force the SST inverse model. The SST inverse model partitions the radiance differences into physical corrections for atmospheric temperature, water vapor, and SST. The SST inverse model for a given channel is given by,
where δBT is the TOA-BT difference (or innovation), J sst , J t , and J q are the radiative transfer model Jacobians, and ε sst , ε t , and ε q are the prior errors for SST, atmospheric temperature, and water vapor, respectively. The SST inverse model is solved analytically for the δT sst , δT a , and δQ a prior corrections. The corrections are calculated independently and summed over each of the SST channels (3 channels at night, 2 channels during the day) to obtain the total prior corrections. SST corrections calculated in this way take into account the variable temperature and water vapor content of the atmosphere at the time and location of the radiance measurement.
With this approach, coefficients that relate radiances to SST in the observation operator are dynamically defined for each atmospheric situation observed. The method removes atmospheric signals in the radiance data and in the process extracts more information on the SST. A similar SST inverse model is in use at NCEP for producing physical SST retrievals from satellite SST radiances (Derber et al., 2003) .
The SST inverse model requires careful consideration of the biases and error statistics of the NWP and SST priors. Biases are expected since the NWP information may represent areas that are both cloudy and clear, while the satellite SST radiance measurements, by definition, are only available in clear-sky, cloud free conditions. These discrepancies may be due to atmospheric model error or more likely simply due to resolution differences between the NAVGEM model fields (~55 km) and the high resolution infrared satellite SST data (~1 km). Accordingly, a bias correction of the NAVGEM fields has been developed (see section 5). Proper specification of the error statistics of the priors in Eq. 1 is also required to correctly partition the observed TOA-
BT differences into the various sources of variability (atmospheric temperature, water vapor, or SST). The 80 member NAVGEM ensemble operational at FNMOC is used to specify variability of the deterministic atmospheric model temperature and specific humidity fields. The surface temperature background error standard deviations from the NCODA 3DVAR ocean data assimilation component of GOFS are used to define the SST prior error (Cummings and Smedstad, 2013) . These fields provide situation dependent prior error statistics that vary with location and evolve with time. The combined effect of radiometric noise in the satellite BTs and forward modeling errors are estimated from variability of the δBT innovations calculated at the same time as the NAVGEM bias correction. These errors are assumed to be uncorrelated between satellite channels in the SST inverse model.
Application
There are two applications of the satellite SST radiance assimilation operator. The CRTM forward and SST inverse modeling are the same in the two applications. The applications differ only in the source of the prior information used in the operator, primarily the prior SST and its error estimate. The two applications are described here:
Atmospheric Correction of Empirical SST. NAVOCEANO produces empirically derived SST retrievals using regression analyses between satellite SST radiances and drifting buoy SSTs. The regressions are global, calculated once, and held constant. The regression coefficients represent a very broad range of atmospheric conditions with the result that subtle systematic errors are introduced into the empirical SST when the method is uniformly applied to new radiance data.
Most notably the NAVOCEANO SST retrievals show unrealistic temporal variation in the tropics due to the unaccounted for short-term variability of the atmospheric moisture fields. As has been noted, the radiance assimilation operator dynamically corrects the prior SST for atmospheric conditions at a particular time and place. By using the empirically derived NAVOCEANO SST as the prior the operator essentially provides an "atmospheric correction"
that varies on synoptic time and space scales. As will be shown, the operator also corrects a systematic error in the NAVOCEANO SST retrievals that varies geographically. This application of the operator has been integrated into the NCODA QC system. The operator computes the atmospheric correction for the NAVOCEANO SST retrievals received in a real-time QC data cut at the center. The SST corrections are saved with the NAVOCEANO SST data in the NCODA QC system output files. These pre-calculated corrections can then be applied at the time the NAVOCEANO SST data are assimilated via a namelist variable setting in the NCODA 3DVAR system.
Ocean Data Assimilation. The radiance assimilation operation has also been integrated into the NCODA 3DVAR analysis system. Here, TOA-BTs are selected for assimilation if the observations fall within the space/time window defined for the assimilation synoptic data cut.
The atmospheric model that is used to force the ocean model provides the specific humidity and air temperature priors for the operator. The CRTM forward and SST inverse models are applied as previously described. The resulting SST correction is assimilated as an innovation along with other data selected for the analysis. This application of the operator performs direct assimilation of the satellite SST radiances. There is no need for an empirical SST derived from drifting buoy matchups. It is a true example of coupled data assimilation, which can be defined as an observation in one fluid (atmospheric radiances) creating an innovation in a different fluid (ocean surface temperature). The radiance assimilation operator is ideally suited for coupled atmosphere/ocean forecasting systems, where the atmosphere and ocean states have evolved consistently over time.
Results
Forward Modeling. Atmospheric transmittance is very high for the 3.7 µm channel 3 data, which is illustrated by the low scatter in the data. The atmosphere is essentially transparent at this wavelength. The increase in the scatter of the channel 4 and 5 simulations is due to the variable magnitude of the water vapor absorption. The scatter is higher at higher temperatures, which is consistent with measurements that show for moist, tropical atmospheres most of the radiation observed by satellite radiometers actually originates from the atmosphere at those wavelengths (Saunders and Edwards, 1989) .
Bias Correction. The SST radiance assimilation observation operator assumes that the prior information is unbiased. In addition, the method assumes the forward model is unbiased. Any biases in these inputs to the operator will lead to corresponding biases in the output corrections.
Since the NAVOCEANO SST retrievals are derived from drifting buoy matchups there is negligible bias in the SST prior. However, as mentioned previously, we expect some bias between the NWP model outputs and the actual atmosphere observed by the satellite radiometers because the satellite radiance data are obtained from clear sky conditions while the NWP model fields may include areas that are both cloudy and clear. Following Merchant et al. (2008) , we use an "observed" atmospheric correction to diagnose bias in the NWP fields. The observed atmospheric correction is the difference between observed and derived surface temperatures and observed and simulated radiances given by,
where SST navo is the NAVOCEANO empirical SST retrieval, BT crtm is the forward model simulated TOA-BT, SST buoy is the drifting buoy SST, and BT sat is the observed satellite TOA-BT. These double differences are calculated for each satellite channel.
The observed atmospheric correction will show some variability because of noise in the observations (drifting buoy SST and satellite radiances) and errors in the model results (NWP and CRTM forward modeling). Averaged over many cases, however, the differences should be . The bias exceeds 1°K as TCWV > 50 kg·m -2 . As expected, the bias is negligible for the transparent 3.7 µm channel 3. We assume that bias in the NAVGEM TCWV can be removed by correcting the forward model simulated radiances. This approach avoids the need to correct the vertical distribution of atmospheric water vapor. Guided by the shape of the biases we fit a quadratic regression model using least squares. The regression model is formulated with no Table 1 . NAVGEM TCWV bias correction model coefficients for satellite channels. The coefficients are provided for the two terms of the quadratic regression model (x and x 2 ). Note that for GOES satellites channel 3 is actually channel 2 and channel 5 is not defined. quadratic regression model coefficients are listed for each satellite and for each channel. The coefficients have been computed using 15 days of MDB data. Table 2 gives the calibration coefficients computed for GOES-13 and GOES-15 and Table 3 gives the combined radiometric noise and forward modeling errors for the different satellites and channels. All of these Tables are automatically updated when the bias correction software is executed. The coefficients are used every time the operator is executed in either of the applications described in section 4. Table 3 . Combined radiometric and forward model error standard deviations for the channel wavelengths on the satellites processed by NAVOCEANO. Note that channel 3 is actually channel 2 on GOES and that channel 5 is not available on GOES.
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wind and temperature are calculated for all vertical levels of the numerical model, while the perturbations to specific humidity are calculated for those vertical levels between the surface and roughly 300 hPa. The perturbations to the NOGAPS analysis are generated in a single, unified process using a nine banded local formulation of the ensemble transform (ET) method (McClay 1 The global atmospheric ensemble will transition from NOGAPS to NAVGEM and increase in horizontal resolution (1 degree to 0.5 degree) and number of vertical levels (42 to 50) in early 2014. Beyond that a new version of the NAVGEM ensemble generation scheme is under development that will include a diurnal SST model and perturbations to both atmospheric variables and SST (McClay et al., 2012) . et al., 2010). The ET is executed twice a day on the 00Z and 12Z watches. Forecast fields from the ensemble are available every 6 hours. The air temperature and specific humidity ensemble member fields are vertically integrated since atmospheric variables are assumed to not vary with height in the SST inverse model. This is a good assumption for the SST window channels since the satellites observe surface emissions through the entire atmosphere. Figure 5 shows the variability of the integrated TCWV and air temperature fields on 5 September 2013. There are distinct differences in the variability patterns of the two variables. Air temperature variability is greater at high latitudes, while the maximum variability of TCWV is at low latitudes. Synoptic scale features (ITCZ, filaments along fronts between atmospheric pressure systems) are clearly seen in the variability maps.
The impact of these differential patterns of air temperature and TCWV variability are modulated in the SST inverse model by the magnitudes of the radiance sensitivity vectors contained in the Jacobians. Figure 6 shows representative examples of water vapor and air temperature Jacobians variability is greatest in the tropics, Antarctic Circumpolar Current, and western boundary currents where oceanographic variability is high.
In the atmospheric correction application of the radiance operator, SST error is obtained from the error assigned to the retrieval by NAVOCEANO. These errors vary with satellite and retrieval type (day, night, relaxed day), but they do not vary with location. The errors are computed using a sliding time window of 30 days of differences between NAVOCEANO SST retrievals and collocated drifting buoy SST. Thus, the NAVOCEANO retrieval errors evolve with time and reflect changes in sensor calibration or sensor drift. Figure 8 shows the geographic distribution of the prior SST corrections. The corrections are plotted separately for day and night (ascending versus descending orbits). The major pattern in the SST corrections is a warming of the NAVOCEANO retrievals at high latitudes. This pattern is an illustration of a globally defined retrieval algorithm having a significant regional bias. As has been noted, there is considerable geographic and temporal variability in the atmospheric and oceanographic variables that control satellite TOA-BTs. The NAVOCEANO retrieval algorithm does not contain enough information to account for this variability other than the SST itself and an approximation of the atmospheric TCWV via the split-window algorithm. These limitations translate into regional biases in retrieved SST. There have been some attempts at deriving regional coefficients to reduce retrieval errors (e.g. LatBand Pathfinder, Casey et al., 2010) , where the variability of SST for a given region and season are embedded directly into the retrieval coefficients. Fundamentally, however, empirical SST retrievals cannot be improved without introducing additional information. Effectively, the radiance assimilation operator does that by using prior knowledge of the atmosphere at a particular time and place. The cold bias in the NAVOCEANO retrievals is due to the relatively dry atmosphere at high latitudes. A dry atmosphere is more transparent than a moist atmosphere.
The NAVOCEANO retrievals are tuned to a moist atmosphere at lower latitudes where the drifting buoy matchups are more plentiful. As shown here, the geographic pattern of this cold bias error can be simulated effectively using radiative transfer modeling with NWP fields. pattern is consistently seen for METOP-B data every day. The exact cause of the pattern is unknown. No bias has been found in the forward modeling of METOP-B using CRTM and the METOP-B bias correction of the NAVGEM water vapor fields is very similar to that of METOP-A shown in Figure 3 . Other than METOP-B, the observation density plots in Figure 8 show no bias in SST corrections at high TCWV. This confirms that the bias correction of the NAVGEM water vapor priors is working properly. Finally, the observation density plots show the occurrence of SST corrections on the order of ~1°K (colored blobs along the top and bottom of the satellite panels). These large corrections are clearly outliers and probably reflect erroneous radiance data. Thus, outcomes of the SST inverse model can be used as an additional quality control check on the NAVOCEANO TOA-BTs.
Geographic distributions of air temperature and TCWV corrections calculated by the SST inverse model are shown in Figure 10 . In general, air temperature corrections are greatest at high latitudes where air temperature variability is high. A similar pattern is seen for TCWV where the corrections are large at low latitudes in the vicinity of increased uncertainty in NAVGEM water (Donlon et al., 2011) used as the temperature lower boundary condition by the ECMWF model is also provided. The ESA-CCI data set replicates the processing of NWP forecast fields and SST priors that support the radiance assimilation operator, including the collocation of drifting buoy SST ground truth observations.
We compute SST corrections to the OSTIA prior SST using ECMWF model priors and CRTM forward and SST inverse modeling capabilities contained in the observation operator. We compare corrected SST to the collocated drifting buoy SST and determine if application of the radiance assimilation operator improves the fit of the prior SST to the buoy SST. Figure 11 shows the geographic distribution of the METOP-A cloud cleared radiances at the buoy locations for 2010. The color slicing indicates the error of the corrected prior SST relative to the in situ data. The mean error statistics are summarized in Table 5 by month and in Table 6 for the entire year. The SST radiance assimilation operator improves the prior SST for 10 months of the year. The operator failed to improve the prior SST in 2 months of the year (April and September), but during those months the prior SST already was very close to the buoy SST (prior error < .01 °C).
Averaged over the entire year at nearly 150,000 locations the radiance assimilation operator showed an 80% improvement in the fit of the prior SST to the drifting buoy SST. Table 5 legend for a description of the column headers.
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Operational Implementation
The NCODA QC and NCODA 3DVAR systems are operational at the Navy centers:
NAVOCEANO and FNMOC. Configuration of the NCODA system requires that the software and supporting data bases are identical at the two Navy centers. This section outlines the NCODA system changes needed to enable satellite SST radiance assimilation. For example, some of the information required by the assimilation operator is readily available at one center and not the other. Those differences are highlighted here. Basically, NOGAPS (NAVGEM) ensemble fields need to be made available at NAVOCEANO, and NAVOCEANO MDB files need to be made available at FNMOC. Alternatively, the pre-calculated SST corrections to the NAVOCEANO SST retrievals computed by the NCODA_SST program can be assimilated. Here, sst_rad_asm would be set false and the ocean analysis namelist variable phys_sst would be set true. The NCODA 3DVAR analysis will need access to NAVGEM deterministic and ensemble forecast fields for the direct assimilation of satellite SST radiances.
Future Developments
The SST correction computed by the radiance assimilation operator will have multiple uses and benefits in Navy atmospheric and oceanographic forecasting systems. Use of a more physically based SST lower boundary condition in atmospheric data assimilation is expected to enable use of atmospheric sounder channels that have significant weighting near the ocean surface.
Currently, observations from these channels are rejected in the atmospheric 4DVAR assimilation system because of the inaccuracies and temporal inconsistencies in the SST analysis dominated by the NAVOCEANO retrievals. Inclusion of these near-surface sounder channels in the atmospheric model assimilation cycle will likely improve the NAVGEM model depiction of the marine boundary layer, which in turn will improve the derived fluxes used to force Navy ocean circulation models.
The radiance assimilation operator can be expanded to include the effects of aerosols; the presence of which tend to introduce a cold bias in infrared estimates of SST in important geographic locations, such as tropical cyclone genesis regions. The current limiting factor of dealing with aerosol contamination in TOA-BTs is accurate knowledge of the characteristics and amount of aerosol in the atmosphere at the time and location of the radiance measurement.
Aerosol transport models can be used to provide this information. For this purpose, forecast profiles of aerosol optical depth from the Navy Aerosol Analysis Prediction System (NAAPS)
can be integrated into the CRTM forward and SST inverse models. Eventually, NAAPS will be integrated into NAVGEM providing seamless predictions of the atmospheric state including atmospheric constituents. In addition, development of a NAAPS ensemble using forcing from the NAVGEM ensemble is underway. As stated in section 2, the radiance assimilation operator is designed to incorporate all atmospheric variables known to affect SST. The inclusion of aerosols in the system is therefore a high priority. Finally, the radiance assimilation operator can be applied to ice covered seas to determine a correction to a prior ice surface temperature. Ice surface temperature is used in both Navy NWP and ice forecasting systems. Knowledge of ice surface temperature is important since it controls snow metamorphosis and melt, the rate of sea ice growth, and modification of air-sea heat exchange.
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